Summary
Introduction
Arteriovenous malformations (AVMs) and arteriovenous fistulas (AVFs) are characterized by a loss of the normal capillary bed, which is replaced by a nidus of abnormally enlarged vessels in the case of AVMs or a direct connection between arteries and draining veins in the case of AVFs. In both instances, a fair amount of blood is shunted from the arterial to the venous side. Embolizations aiming to occlude these shunts are successful only in a minority of cases, but in most interventions only some reduction of the shunted blood volume is achieved. The "success" of such an intervention is usually expressed as percentage of nidus reduction as judged by conventional angiography taking into consideration the change in extension of the nidus as well as the change in flow. More than 20 years ago, the measurement of cerebral blood flow (CbF) in patients with AVMs by means of single photon emission tomography (SPECT) was mainly performed to investigate perinidal perfusion deficits and the pressure-break-through phenomenon [1] [2] [3] [4] [5] [6] . The same applies to studies using positron emission tomography (PET) 7, 8 or xenon-enhanced computed tomography 9, 10 . There are only a limited number of perfusion studies directed to the shunt itself, specifically to the reduction of shunted blood volume after occlusion or removal of the AVM, either by doppler sonography 11 , red blood cell scintigraphy 12 , PET 13, 14 , or by more recent techniques as MRand CT perfusion measurements depending on injection of contrast medium [15] [16] [17] [18] . The completely non-invasive method of arterial spin labeling (ASl) has been applied as well to measure nidus/shunt perfusion 19 , but was used as a post-interventional control only in one AVM 20 and three dural AVFs 21 .
This prospective study had been approved by the national ethical committee.
MR imaging
having received informed consent from the patients scheduled for an embolization, MR imaging was performed on a 3 Tesla system (Achieva, Philips Medical Systems, best, netherlands) one or two days before as well as one day after the intervention. Apart from the routine imaging which consisted of T2-weighted, T1-weighted (3d Turbo Field Echo (3d T1W TFE)) and diffusion-weighted scans as well as a time-of-flight angiography, we applied a Pulsed ASl sequence (GE-EPI) with the following parameters: TR/TE=3000/16 ms, flip angle 40°; 6 successive phases were acquired in a single multiphase ASl scan starting at a label delay of 500 ms with equally spaced 250 ms increments; for averaging purpose, 40 repetitions were measured (20 labeling scans plus 20 controls); six slices, slice thickness 5 mm, gap 8.2 mm, FoV 240 mm, measured voxel size 3.75 mm, reconstruction matrix 128). The labeling slabs (label thickness 200 mm, label gap 20 mm) were placed in a way that the nidus or AVF was covered completely by the area of measurement, and we took great care to apply the same positioning in both examinations. The subtraction images were calculated automatically by scanner software and were used for further post-processing.
Post-processing
The ASl signal amplitudes of AVMs or AVFs were reported as relative values compared to a normal reference to correct for any changes in baseline signal between the two scans. Following the suggestion of Wolf et al. (2008) 20 , we recorded the signal attributed to the AVM or AVF as a percentage of the total signal, both collected over all phases and slices. All post-processing steps were performed using here, we report the results of a prospective study of ASl perfusion measurements for estimation of shunt reduction before and after embolization of eight cerebral AVMs and two AVFs in 12 interventions.
Patients and Methods

Patients and Interventions
Embolizations were performed in eight patients with AVMs, in one dural AVF of the cavernous sinus fed by dural branches of the ophthalmic and middle meningeal artery, and in one case of a vein of Galen aneurysm (VoGA). Six of the eight AVMs and the VoGA were highflow lesions, whereas the other two AVMs and the dural AVF were low-flow lesions. In six cases (five AVMs and the VoGA), a previous embolization had been carried out. Six of the eight AVMs were embolized once and two AVMs were embolized twice using a mixture of histoacryl ® and lipiodol ® . The reduction of the arteriovenous shunt after the intervention was estimated from the control angiography at the end of the procedure. According to these findings, we achieved a shunt reduction of 90 to 100% in two AVMs, of 30 to 50% in four AVMs (in two of them on the second intervention) and of ten to 20% in the other four AVMs. The dural AVF could be occluded to 90% by glue injection into the supplying branches of the middle meningeal artery, whereas in the VoGA, the shunt was reduced only by 10%. The interventions were tolerated well without clinical complications. Further details as age and gender of patients and Spetzler classification of the AVMs are listed in Table 1 .
To test for reproducibility, we repeated the ASl measurement in one previously embolized patient with a low-flow AVM three times on the same day, once without and once after changing of his head position by taking him out from the magnet in between two measurements. zation, (b) slight differences of one or both parameters of 250-500 ms between pre- and postembolization and (c) completely different time courses.
Results
After all but one intervention, we saw a reduction of the relative amount of signal attributed to the AVMs or AVFs by an average of 36%, which was in fair agreement with the reduction of the shunt in case of AVMs or flow in case of AVFs as estimated by conventional angiography (Table 2 ): In cases with a shunt reduction of 90% -100% as estimated by angiography, ASl showed a relative reduction of signal attributed to the lesion of 69% - 92% ( Figure 1 ), whereas in cases of a shunt reduction of 10% - 20% according to the angiographic results, the ASl follow-up showed a slight increase of 6% in one AVM (the only post-interventional increase), but no change or a reduction of 5% to 14% in the other three AVMs (Figure 1b) , and of 35% after the partial embolization of the VoGA.
The time course of the signal attributed to the shunt showed an unexpected similarity between both curves measured before and after embolization over all slices and cases (72 graphs all together). In 20 graphs however, one or both curves did not show any recordable signal and a meaningful comparison was not possible. In four out of the remaining 52 graphs, the time course was clearly different (category c) with an important flattening of the curve after the embolization in three and a new peak after the embolization in a forth one. These major differences were only seen in the two most proximal (two graphs) and most distal slices (two graphs), all in highflow AVMs. The remaining 48 pairs of curves showed a very similar time course, with no shift of T0 or TTP (category a: 30 graphs), or a minor the "Image J" (http://rsb.info.nih.gov/ij). The area attributed to the AVM/AVF was determined in a similar way as described by Wolf et al., taking the average (AV) and the standard deviation (Sd) of the signal in a region of interest (RoI) placed into the territory of the contralateral middle and/or anterior cerebral artery not involved in the supply of the lesion. This measurement was taken in that image of the six phases where the arterial signal reached a maximum, and was repeated for every slice. Within one slice, a mask was used to suppress all voxels below a threshold S of S=AV + (8*Sd). This threshold was chosen empirically because it usually suppresses all signals not related to the shunt. only rarely, could we identify voxels clearly not related to the lesion, which had escaped this relatively high suppression, by carefully checking the anatomic distribution of preserved voxels. on the other hand, not all voxels obviously belonging to a nidus "survived" this high suppression threshold. having defined the RoIs attributed to the AVM/AVF on a pixelwise basis as described above in all six phases for one slice, the procedure was repeated for the other slices. Within a given RoI, the signal volume was measured (sum of mean signal amplitudes over time multiplied by number of voxels). Then, a RoI covering a total slice (brain section) was drawn allowing measure the total signal of that slice over all phases, and again this was done on all slices. Finally, the relative amount of signal attributed to the lesion in relation to the total signal was calculated from all slices and compared between the pre- and post-interventional scans.
In addition to the calculation of the relative amount of signal attributed to the lesion, we qualitatively assessed the time course of the signal and characterized it in three categories: (a) identical time to spin arrival (T0) and time to signal peak (TTP) before and after emboli- still a number of points to be discussed. The first question is about the way how the measured signal is related to the AVM or AVF and if it represents more of its extension or flow. because the evaluation is based on subtraction images all signal is supposed to be caused by labeled spins entering the volume of measurement. As a consequence, thrombosed veins or artifacts caused by embolization material should not contribute to the measured values. because of the rather short T1 relaxation time of water, most of the signal due to labeling will decay during capillary perfusion in cases of normal or restricted arterial flow [22] [23] [24] . under high-flow conditions as in arteriovenous shunts however, some signal will be transported to the venous side as in spin-tagging based MR angiographies 25, 26 and flow-sensitive alternating inversion recovery (FAIR) MR imaging 27 . These transit effects resemble conditions after injection of a conventional contrast medium and afford consideration of an outflow function if true blood flow is aimed to shift of TTP only (category b: 18 graphs), mainly in slice 2, and in the majority into the direction of a longer delay. Those 72 graphs representing the signal course of the rest of the slice without the lesion did not show any major differences, just a shift of the time-to-maximum of 250 ms in 15 and of 500 ms in 1 graph. The reproducibility study showed relative shunt signals between 9.7% and 9.9% without and after changing of the head position.
Discussion
This is the first prospective study in which ASl was used to "measure" the result of an embolization of AVMs and AVFs in a group study of more than three patients. Although we still deal with a limited number of cases, the data are in accordance with the angiographic results and thus are regarded to somehow reflect the "success" of an embolization. nevertheless, there are tery and elevated the relative amount of the shunt-related signal from 52% to 70% on that special slice. but taking into account the results from all other slices, the overall reduction of the shunt-related signal after embolization amounted to 14%. nevertheless, this exception underlines the importance of a reproducible positioning of the labeling and measurement cuts. Another result of the recording of the signal course over time was the slight, but nevertheless present shift of the signal maximum between 250 and 500 ms in 10 AVMs and 15 rest-of-the-slice measurements. These maxima had been missed in case of a monophase ASl sequence. This time-dependence of signal maxima in AVMs has also been found in case of continuous ASl (CASl) examinations using different delay times 19, 20 and stresses the necessity of applying multiphase ASl sequences in case of flow measurements in arteriovenous shunts 21 . As shown by our follow-up examination of an AVM without intermittent treatment, the reproducibility of our method is sufficiently high (2% difference of relative shunt signal between measurements) to enable a meaningful comparison of two studies within a short time interval. nevertheless, there is one single case showing a relative increase of the shunt-related signal of 6% after the intervention which might be difficult to explain on a pathophysiological basis. We regard this result as an example pointing to the limits of the reproducibility of our technique. however, a similar lack of shunt reduction after an intervention was measured by noguchi et al. 21 in an early follow-up study using pulsed ASl (PASl) in one of their three dural AVFs. A second somehow unexpected finding is the inability to demonstrate a complete shunt occlusion which was achieved in one AVM according to conventional angiography. by ASl, shunt reduction was estimated to 76% only. If the angiographic finding is taken as gold standard, the remaining signal could be due to dilated proximal segments of previously feeding arteries in the surroundings of the lesions which sometimes remain dilated for several days. noguchi et al. 21 attributed their observation of a relatively high signal outside the previous shunt area which disappeared with time, to a reduction in the upward shift in autoregulation. because our technique uses a high suppression of signals which are not shunt-related, these effects of a moderately increased brain perfusion should not be visible. For the same reason -the signal suppression above normal arterial level- we did not try to assess the perfusion be determined. With our technique of nidus or shunt identification however, which suppresses all normal arterial and capillary signal, all parts of the nidus and draining veins are suppressed as well in which spins have already relaxed. Instead of measuring an average flow in the whole lesion, only signals from those parts with an increased flow are collected. because the total signal volume of a given RoI (mean signal amplitude over time multiplied by number of voxels) is taken in consideration, our measurement results most probably represent the volume of the high-flow parts of a nidus or fistula including their feeding arteries and draining veins. As a consequence, we clearly underestimate the relative amount of blood flowing through the shunt when we relate the signal determined in this way to the signal measured from the total slice (brain section). This is in contrast to conventional perfusion-weighted imaging after injection of contrast medium where the AVM nidus was overestimated on most occasions 16 . The underestimation of the nidus or shunt inherent in our technique might be of importance if in the examination following the embolization, the relative amount of low-flow areas within an AVM/ AVF has increased and thus these areas are still present, but no longer seen after mask suppression. but this caveat does not seem to be a major issue because the embolization results as reported by the ASl technique were usually below those estimated by conventional angiography. A similar "underestimation" of the embolization success has been reported in that one case followed with ASl by Wolf et al. (2008) 20 who found a reduction of the shunt fraction of 3% in an AVM with angiographically estimated flow reduction of 20%. A second argument supporting the comparability of the signals measured before and after the intervention is the rather similar course of the signal amplitude over time on a given brain section. This does not only apply to the signals measured from the non-affected parts of a brain section -this finding supports the reproducibility of the methodbut also to those ones measured from the AVMs and AVFs. only in four of all measured slices, was the signal course over time completely different with a flattening of the signal rise after embolization, which is easy to explain by a partial occlusion of the feeding arteries. In only one high-flow AVM, a new and early (after 750 ms) peak of signal was seen after an estimated embolization success of 20%. This peak was related to feeding branches of the anterior cerebral ar-of shunts. In this case, T1 relaxation effects might influence the signal amplitude. our technique of sampling the total "volume" of signal from all slices over time, however, may compensate to some extent for this shift.
Conclusion
We consider our ASl technique rather robust and fairly reproducible. It is able to quantify the reduction of shunts achieved by an intravascular intervention at least as reliably as the nonquantitative inspection of conventional angioin the neighbourhood of the lesions or comment on possible steal effects or the risk of malignant hyperperfusion. As far as reproducibility between measurements is concerned, one source of error could be a change of scanner performance during the interscan interval due to alterations of the magnetic field, gradients, etc. and efficiency of labeling 28 . by relating the signal attributed to the shunt to the signal of the total brain section of the actual scan, we have tried to minimize these influences. Another problem affecting reproducibility could arise in case of an important shift of high flow channels into more proximal or distal slices after a partial occlusion graphic controls which sometimes do not include all feeding territories and in high-flow conditions, have difficulties to see remaining low flow parts of the nidus. nevertheless, some caveats have to be made such as the inability to predict a post-interventional hyperperfusion, the underestimation of the amount of shunt in
